Abstract. At present, the diagnosis of renal allograft rejection requires a renal biopsy. Clinical management of renal transplant patients would be improved by the development of noninvasive markers of rejection that can be measured frequently. This study sought to determine whether such candidate proteins can be detected in urine using mass spectrometry. Four patient groups were rigidly defined on the basis of allograft function, clinical course, and allograft biopsy result: acute clinical rejection group (n ϭ 18), stable transplant group (n ϭ 22), acute tubular necrosis group (n ϭ 5), and recurrent (or de novo) glomerulopathy group (n ϭ 5). Urines collected the day of the allograft biopsy were analyzed by mass spectrometry. As a normal control group, 28 urines from healthy individuals were analyzed the identical manner, as well as 5 urines from non-transplanted patients with lower urinary tract infection. Furthermore, sequential urine analysis was performed in patients in the acute clinical rejection and the stable transplant group. Three prominent peak clusters were found in 17 of 18 patients (94%) with acute rejection episodes, but only in 4 of 22 patients (18%) without clinical and histologic evidence for rejection and in 0 of 28 normal controls (P Ͻ 0.001). In addition, the presence or absence of these peak clusters correlated with the clinicopathologic course in most patients. Acute tubular necrosis, glomerulopathies, lower urinary tract infection, and cytomegalovirus viremia were not confounding variables. In conclusion, proteomic technology together with stringent definition of patient groups can detect urine proteins associated with acute renal allograft rejection. Identification of these proteins may prove useful as non-invasive diagnostic markers for rejection and the development of novel therapeutic agents.
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Although short-term and long-term kidney allograft survival has improved over the last 15 yr (1), allograft failure is still one of the most common causes for end-stage renal disease (2) . Both immunologic and non-immunologic (e.g., calcineurininhibitor-toxicity, hypertension) factors contribute to a continuous deterioration of allograft function, which is referred to as chronic allograft nephropathy (3) . Acute allograft rejection is the major immunologic risk factor for developing chronic allograft nephropathy (4, 5) .
At present, the diagnosis of acute rejection can only be made by renal biopsy, which is costly, inconvenient, and carries a small risk of complications (6, 7) . Therefore, biopsies cannot be obtained frequently (e.g., weekly) to monitor the immune response to the allograft, which may be helpful, as rejection can develop in allografts before graft dysfunction occurs (i.e., subclinical rejection) (8, 9) . Sampling error is an additional problem, which can be diminished in part by collecting larger or multiple core biopsy samples (10, 11) . A non-invasive biomarker of rejection may benefit the kidney allograft recipient by allowing frequent monitoring to optimize immunosuppressive therapy. Various approaches such as mRNA measurement in urinary lymphocytes (12, 13) , urine flow cytometry (14) , and measurement of alloreactive peripheral blood lymphocytes (15, 16) have shown promising initial results, although none of these tests have yet reached wide clinical application.
As acute rejection is a complex process involving many different cell types of the donor and recipient, analysis of global changes at the gene (17) (18) (19) (20) or protein level may provide both insights into its pathogenesis, as well as novel non-invasive biomarkers. Recent developments in mass spectrometry make it possible to rapidly profile and compare the proteome of clinical samples (21, 22) . In this study, we used proteomic technology and very rigid patient selection criteria, including allograft histology, allograft function, and clinical course, to detect urine proteins associated with acute renal allograft rejection.
Materials and Methods

Urine Collection
All urine samples were stored non-centrifuged at Ϫ70°C until further analysis. All patient and control urine samples were obtained with informed consent and ethics approval by the University of Manitoba institutional review board.
Transplanted Patients
From July 1997 to March 2003, 2400 serial midstream urine samples from 212 renal transplant patients were collected. Patients were treated with a triple immunosuppressive regimen consisting of calcineurin-inhibitor (cyclosporine or tacrolimus), prednisone, and mycophenolate-mofetil or azathioprine. These 212 patients underwent a total of 693 protocol or clinically indicated core needle allograft biopsies. All biopsies were analyzed by experienced renal pathologists and scored according to the Banff 1997 classification (23) (acute Banff score: interstitial (ai 0 -3), tubular (at 0 -3), vascular (av 0 -3), glomerular (ag 0 -3); chronic Banff score: ci 0 -3, ct 0 -3, cv 0 -3, cg 0 -3). A biopsy specimen was judged adequate when Ն 7 glomeruli and Ն 1 vessel were present. Delayed graft function (DGF) was defined as the need for hemodialysis within the first week or a drop of serum creatinine Ͻ50% from pretransplant levels by day 5 posttransplant. On the basis of allograft function, the clinical course, and the allograft biopsy result, four rigidly defined patient groups were extracted from the whole patient population (n ϭ 212) as follows.
Stable Transplant Group. Consists of 22 midstream urine samples (from 22 patients) obtained immediately before a protocol renal allograft biopsy performed within the first 12 mo posttransplant. None of these patients had experienced DGF. All had stable allograft function (i.e., serum creatinine within 110% of baseline value at the time of biopsy), and none experienced a clinical or protocol biopsyproven rejection before the date of examination. All biopsies met the criteria for adequacy, and all were required to have an acute and chronic Banff score of zero (i.e. ai0t0v0g0 and ci0t0v0g0).
Acute Clinical Rejection Group. Consists of 18 midstream urine samples (from 18 patients) obtained immediately before a renal allograft biopsy performed within the first 12 mo posttransplant. All experienced an elevation in creatinine Ͼ110% from baseline, and the diagnosis of acute rejection required an acute Banff score Նai2t2v0g0. Patients with a chronic Banff score Ͼci1t1v0g0 were excluded to avoid chronic allograft nephropathy as a confounding variable in the analysis.
Acute Tubular Necrosis (ATN) Group. Consists of 5 midstream urine samples (from 5 patients) obtained immediately before a renal allograft biopsy performed within the first 6 d posttransplant to diagnose the cause of DGF. Antibody-mediated rejection was excluded on the basis of a negative flow-crossmatch and histologic changes on the biopsy consistent with ATN. In all biopsies, the acute Banff score was ai0t0v0g0, and significant donor pathology was excluded by requiring a chronic Banff score of Յci1t1v0g0.
Recurrent (or de novo) Glomerulopathy Group. Consists of 5 midstream urine samples (from 5 patients) obtained immediately before a renal allograft biopsy performed to diagnose the cause of proteinuria (Ն1.5 g/d). The patients had diagnoses of membranous glomerulonephritis, focal-segmental glomerulosclerosis, or IgA-nephropathy, and all had acute Banff scores Յai1t1v0g0.
Non-Transplanted Control Groups
Normal Control Group. Consists of 28 midstream urine samples from 28 healthy individuals (14 women and 14 men; age, 20 -50 yr).
Urinary Tract Infection (UTI) Group. Consists of 5 midstream urine samples from 5 women obtained during an episode of a lower UTI, which was defined as requiring the clinical symptoms of a UTI, a leukocyte count in the urine sediment Ͼ 40/high power field, and a positive bacterial culture (Ͼ10 8 colony-forming units).
Urine Protein Profiling with Surface-Enhanced Laser Desorption/Ionization Time-of-Flight Mass Spectrometry (SELDI-TOF-MS)
Urine samples were thawed on ice, vortexed, and centrifuged for 5 min at 10000 ϫ g to remove remaining cell particles. Five microliters of urine supernatant were applied in duplicate to normal phase chips (ProteinChip NP20; Ciphergen, Freemont, CA) and incubated for 20 min in a humidity chamber. Spots were then washed three times with 5 l of HPLC-grade water and air-dried for 10 min. One microliter of 35% ␣-cyano-4-hydroxycinnamic acid (CHCA: Ciphergen) was applied to each spot and air-dried. Chips were read with a SELDI-TOF-MS instrument (ProteinChip Reader II: Ciphergen) in the positive ion mode with the following settings: laser intensity, 230; detector sensitivity, 6; detector voltage, 1700 V; 240 shots were collected per sample. Peak labeling was performed with the ProteinChip Software (Version 3.1) for peaks with a signal-to-noise ratio of Ն 3 in the mass over charge (m/z) range from 2000 to 80000. For comparison, spectra were normalized by total ion current. Calibration was done externally with a mixture of four proteins with masses ranging from 2 to 16 kD.
Determination of Cytomegalovirus (CMV) Viremia
CMV-viremia was measured on peripheral blood buffy coat specimens using a semiquantitative PCR assay developed at the Manitoba Cadham Provincial Laboratory that is accredited by the College of American Pathologists (for details see reference 32).
Statistical Analyses
We used JMP IN software version 4.0.4 (SAS Institute Inc., Cary, NC) for statistical analyses. For categorical data, Fisher exact test or Pearson 2 test was used. Parametric continuous data were analyzed by Student t tests or one-way ANOVA. For nonparametric continuous data, Wilcoxon or Kruskal-Wallis rank sum tests were used. A Pvalue Ͻ 0.05 (two-sided test) was considered to indicate statistical significance.
Results
Patient Characteristics
The acute clinical rejection group had more HLA-mismatches and a higher mean serum creatinine level at the time of the renal allograft biopsy compared with the stable transplant group. Otherwise, there were no significant differences between these groups ( Table 1) .
Characterization of Urine Protein Profiles Associated with Individual Patient Groups
In the m/z range from 5000 to 12000, we observed two distinct urine protein patterns when comparing the normal control group or stable transplant group to the acute clinical rejection group. One urine protein profile (rejection pattern) had prominent peak clusters in three regions corresponding to m/z values of 5270 to 5550 (region I; 5 peaks), 7050 to 7360 (region II; 3 peaks), and 10530 to 11100 (region III; 5 peaks) that always occurred together, whereas the other urine protein profile (normal pattern) had no peak clusters in these m/z regions ( Figure 1 ). All 28 urine samples (100%) from the normal control group, 18 of 22 urine samples (82%) from the stable transplant group, and 1 of 18 urine samples (6%) from the acute clinical rejection group showed the normal pattern. The rejection pattern was detected significantly more often in the acute clinical rejection group (17 of 18; 94%) than in the stable transplant group (4 of 22; 18%) (P Ͻ 0.0001) (Figure 2 ). The ATN, the recurrent (or de novo) glomerulopathy, and the UTI groups had urine protein profiles that were different from both the normal and the rejection pattern ( Figure 1 and Figure  2 ).
Influence of CMV-Viremia on Urine Protein Profile Pattern
Twenty-seven of 40 patients (68%) in the stable transplant and acute clinical rejection groups were tested for the presence of CMV viremia at the time of renal allograft biopsy. Five patients tested positive; however, none had or developed CMV disease subsequently. CMV viremia was found in 2 of 21 patients (10%) with the rejection pattern and in 3 of 19 patients (16%) with the normal pattern (P ϭ 0.83) ( Table 2 ). We could not detect any additional peaks in the urine protein profiles from patients who had CMV-viremia.
Sequential Urine Protein Profile Analysis
To further determine the specificity of the normal and rejection pattern, we examined serial urine protein profiles in the stable transplant and acute clinical rejection groups and correlated them with the clinicopathologic course of the renal allograft. In particular we were interested in four specific outcomes: (1) the stable course persisted; (2) the stable transplant patient subsequently had an acute clinical rejection; (3) acute clinical rejection resolved to a stable course; (4) acute clinical rejection recurred.
In the stable transplant group, we had sufficient urine and histology samples for sequential analysis to evaluate 12 of the 18 patients who originally had a normal pattern. One patient went on to have stable allograft function and two normal protocol biopsies, but the urine profile could not be classified.
One patient developed acute clinical rejection (Banff type IA) and the urine protein profile changed from the normal to the rejection pattern. In ten patients, stable allograft function per- sisted and 20 subsequent protocol biopsies were interpreted as normal (n ϭ 18) or borderline rejection (n ϭ 2). Eight of these ten patients showed the normal pattern throughout ( Figure 3A ), whereas two patients exhibited the rejection pattern in a single urine sample that subsequently reverted to the normal pattern.
In the acute clinical rejection group, we had sufficient urine and histology samples for sequential analysis to evaluate 12 of the 17 patients who originally had a rejection pattern. One patient had two subsequent normal protocol biopsies, but the creatinine remained elevated at the level seen during the acute rejection episode (20% above baseline), and the urine always showed the rejection pattern. In six patients, the allograft function returned to baseline and subsequent protocol biopsies were interpreted as normal (n ϭ 3) or borderline rejection (n ϭ 3). All urine samples from these patients changed to the normal pattern ( Figure 3B ). Five patients had further episodes of acute clinical rejections, and all of them kept the rejection pattern throughout ( Figure 3C ).
Discussion
We used a proteomic technique to determine whether the urine of renal transplant patients undergoing acute allograft rejection had a characteristic profile. As urine can be very heterogeneous, standardization of urine collection and storage is critical. We have recently reported those factors that influence the reproducibility and peak detection in urines analyzed by SELDI-TOF-MS (24) . In the design of the current study, we therefore required midstream urines that were collected immediately before the allograft biopsy and were stored the same day at Ϫ70°C. Next it was necessary to determine the urine protein profile of a "normal" kidney transplant, and this was done by selecting urines from patients with immediate and persistent good graft function that had normal graft histology on protocol biopsy. This stringently defined control group is unique as it includes histology; other groups attempting similar studies have inferred normal histology from a stable serum creatinine (12, 13, 16) . Indeed, adherence to this stringent definition of "normal" demonstrates that the urine protein profile from 18 of 22 patients (82%) in the stable transplant group was similar to the urine profile of normal non-transplanted individuals.
The reliable identification of the urine protein pattern of the normal kidney transplant allowed for the clear differentiation, on visual inspection alone, of a distinct urine protein profile in the group with acute rejection (Figure 2 ). Other groups have used SELDI-TOF-MS to compare the protein profiles between different clinical outcomes, but required bioinformatic analysis to assign protein peaks to a specific outcome (25, 26) . In a similar study to ours, Clarke et al. (25) reported differences in the urine profiles between rejection and stable transplants; however, their requirement of bioinformatics to do so may relate to the fact that their definition of "stable" transplants was less stringent than ours (i.e., based on serum creatinine alone). Interestingly, the protein peaks reported in their paper as specific to rejection are different from those found by our group. This may be related to the different protein chip surfaces and experimental conditions that were utilized; but also, to the fact that Clarke et al. (25) failed to include any control populations (e.g., ATN, recurrent or de novo glomerulopathies, UTI, CMV) in the analysis, the importance of which is discussed below. In another study, Petricoin et al. (26) have used SELDI-TOF-MS to compare the protein profiles between different clinicopathologic diagnoses in cases of ovarian cancer, but also required bioinformatic analysis to assign peaks to specific outcomes. In their study the analysis involved serum samples, which is clearly a more complex biologic fluid than urine. Indeed, the urine-based proteomics has the advantage of excluding most of the serum proteins from the urine due to the size/charge selectivity of the glomerular basement membrane.
Urine profiles of the various groups could have been altered by the procedures of urine collection and storage. Due to the fact that all urine samples were stored non-centrifuged, the rejection pattern may have derived from intracellular proteins of leukocytes, red blood cells (rbc), or epithelial cells released after a freeze-thaw cycle. Interestingly, in one of the rejection cases, we found that lysis of rbc prevented the detection of the rejection pattern due to ion suppression. However, pre-centrifugation to remove the rbc before freeze-thawing of this sample allowed the rejection pattern to be detected (data not shown). Therefore, this argues that the pattern is not necessarily derived from cell lysis associated with a freeze-thaw cycle.
Although there were significant differences in the urine profiles between the stable transplant and the acute clinical rejection groups, there were also one "false negative" and four "false positives" samples. The only patient with the "false negative" urine profile in the acute clinical rejection group had no specific clinical or demographic feature. He had a course of a subclinical rejection (ai3t3g0v0) followed by a clinical rejection (ai3t3g0v1)-both treated with oral high dose steroids-and returned to normal histology (ai0t1g0v0) 15 wk later. We found no obvious explanation for this "false negative" result. Theoretically, a low protein concentration in dilute urine may influence the ability to detect a rejection pattern. However, the protein concentration of the urine samples from the stable transplant and the acute clinical rejection group were similar, making inadequate protein load an unlikely explana- c CMV-PCR was not performed for the following reasons: CMV sero-negativity of both donor and recipient (n ϭ 2); test was not ordered (n ϭ 3); or only CMV pp65-antigen was evaluated (n ϭ 1; patient tested negative).
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tion for the absence of the rejection pattern. The four patients with "false positive" urine profiles in the stable transplant group also had no specific clinical or demographic features at the time of the biopsy. However, one of them went on to subclinical rejection (ai1t3g0v0) 9 wk later, and one experienced an acute clinical rejection and polyomavirus-type BKnephropathy 13 wk later. The other two patients had a normal transplant course with stable graft function. There are mainly two possible explanations for these "false positive" results: first, they are true "false positives" and we cannot explain why; second, they are not "false positives," as the urine profile may be detecting an early rejection process that was missed by the allograft biopsy (i.e. sampling error) (10, 11) .
The urine protein profile in the ATN and glomerulopathy groups did not show the pattern of rejection. Both ATN and glomerulopathies are important in the differential diagnosis of allograft dysfunction and may represent pathophysiologic models of allograft injury distinct from that due to the alloimmune response. Whereas ATN can be regarded as a model of injury to the tubules due to ischemia-reperfusion, in the glomerulopathies, the injury, although presumably immune in nature, is largely centered on the glomerular capillary. As these two pathologic states did not show the characteristic pattern of rejection, we infer that the urine proteins detected in acute rejection are related to recipient immune cells infiltrating the graft and/or to tubular epithelial cells that are involved in the allo-directed inflammation. We acknowledge, however, that we cannot exclude the possibility that the urine proteins associated with rejection may also be found in other causes of tubular-based pathology (i.e., calcineurin-inhibitor-toxicity, polyomavirus type BK-nephropathy, pyelonephritis). These latter outcomes are of relatively lower frequency in our patient population, such that we were unable to generate pure examples of each in sufficient number to make any reliable conclusions. Indeed, it is notable that only one patient (0.5%) in our patient population (n ϭ 212) developed polyomavirus type BK-nephropathy, which is a much lower incidence than reported from another center (8%) (27) .
An additional potential confounder of the diagnostic specificity of the urine protein profile observed in allograft rejection is systemic inflammation that could lead to the filtration of inflammatory proteins (e.g., chemokines, cytokines) by the transplant kidney. Posttransplant CMV viremia, which has a high incidence in kidney transplant recipients (28, 29) but very rarely infects the allograft (30, 31) , is one of the most common causes of systemic inflammation posttransplant. Indeed, our group has previously reported that CMV viremia is a significant confounding variable when examining activated T cells in the circulation as a possible non-invasive correlate of biopsyproven allograft rejection (32) . In the current study, we found no correlation between CMV viremia and the urine profile of rejection, which argues against systemic inflammation associated with CMV viremia as a significant confounding factor. While this does not rule out the possibility that other systemic inflammatory processes may mimic the urine profile seen in allograft rejection, it suggests that this is probably less likely.
It was of interest that the protein profile of rejection was similar regardless of the histologic severity (Banff IA versus IB) or type (Banff IA/B versus IIA). This finding might represent a relative limitation of the technique of urine proteomics in identifying biomarkers specific for tubulointerstitial versus vascular rejection. However, because the assignment of histologic severity/type of acute rejection is based on a small biopsy sample of a large organ, urine profiling, which is representative of the entire allograft, may be pointing to the extent of heterogeneity of inflammation within the allograft, a fact that renal transplant pathologists are well aware of (11) .
The correlation between the changes in serial urine profiles and the clinicopathologic course of the patients provided additional support that the detected proteins are related to acute allograft rejection. However, we do not propose the SELDI-TOF-MS spectra as a diagnostic test, but rather as a tool to detect proteins that are specifically involved in the pathogenesis of rejection. In addition, the patient selection criteria set for this study reflect the extremes of the rejection spectrum (stable transplant versus acute clinical rejection) rather than the whole spectrum seen in regular clinics. Therefore, we have avoided calculation of parameters that characterizes a clinical test (e.g., sensitivity, specificity, positive and negative predictive value) because we regarded this as potentially misleading.
Clearly the isolation and identification of the urine proteins associated with acute clinical rejection is the next step. In terms of diagnostics, once they are identified, simple specific assays (e.g., ELISA) may be developed to monitor the graft. In our study, the fact that the protein profiles were visually distinct between the normal and rejection pattern supports the possibility that an ELISA may detect significant quantitative differences. Finally, once validated in a larger patient population, the greatest utility of such a non-invasive biomarker may be to determine that the urine profile is normal, and by inference that the allograft is devoid of rejection. This may allow for tapering of immunosuppression, whereas an abnormal urine profile may warrant further investigation.
In conclusion, we have demonstrated that a proteomic technique, together with stringent patient selection based on allograft histology, allograft function, and clinical course, has the potential to detect a urine protein profile associated with acute renal allograft rejection. Our current efforts will concentrate on the identification of these proteins to develop a clinical test to non-invasively monitor the renal allograft post-transplant.
